Two-phase noble liquid detectors, with large target masses and effective background reduction, are currently leading the dark matter direct detection for WIMP masses above a few GeV. Due to their sensitivity to single ionized electron signals, these detectors were shown to also have strong constraints for sub-GeV dark matter via their scattering on electrons. In fact, the most stringent direct detection constraints for sub-GeV dark matter down to as low as 5 MeV come from noble liquid detectors, namely XENON10, DarkSide-50, XENON100 and XENON1T, although these experiments still suffer from high background at single or a few electron level. LBECA is a planned 100-kg scale liquid xenon detector with significant reduction of the single and a few electron background. The experiment will improve the sensitivity to sub-GeV dark matter by three orders of magnitude compared to the current best constraints.
Introduction
The dark matter in the mass range above a few GeV is currently heavily probed by experiments using liquid xenon. The upcoming 10-tonne scale liquid xenon detectors, PandaX-4T, XENONnT and LZ and eventually the Generation-3 detector, liekly the proposed DARWIN experiment, will be capable of probing Weakly Interacting Massive Particles (WIMPs) down to the signal from atmospheric neutrinos. With the WIMP model coming under such strong pressure, the community has been working in parallel on detector concepts that can probe dark matter over a much wider mass range, especially several well-motivated dark matter candidates below the proton mass [1, 2] .
The traditional direct detection technique-observing nuclear recoils from dark matter scattering elastically off nuclei-rapidly loses sensitivity in existing experiments for dark matter masses below ∼1 GeV. However, a technique with significant potential for improvement is to search for dark matter scattering off electrons [3] using noble liquid detectors, as first demonstrated using data from XENON10 [4, 5] , XENON100 [6, 7] and DarkSide-50 [8] experiments. Solid-state silicon detectors, such as SENSEI [9, 10] , DAMIC [11] , and SuperCDMS [12] have also demonstrated their potential in the region for sub-GeV light dark matter detection. More recently, constraints on sub-GeV dark matter from electronic recoils were further improved by the XENON1T [13] experiment. The main factors currently limiting the sensitivity of liquid xenon detectors are previously-ignored background sources at the level of single or a few electrons. By mitigating and controlling these backgrounds, liquid xenon detectors will play a crucial role in probing sub-GeV dark matter.
The Signal and Background of a Few Electrons
Two-phase LXe detectors extract two signals for each particle interaction in their target: One is the prompt scintillation signal (S1). The other is a delayed signal from ionization (S2): electrons liberated in the interaction are drifted up to the liquid/gas interface, where a strong electric field extracts them into the gas phase and causes a proportional scintillation signal. The energy threshold of the two-phase LXe detectors in standard analyses is set by the S1 light collection efficiency to 2-3 photoelectrons (PE). In contrast, thanks to the inherent S2 amplification, even a single extracted electron can produce ∼20-100 PE in S2, which thus allows for a much lower energy threshold when using this channel alone ("S2-only" analysis).
This proportional scintillation signal gives LXe TPCs the striking sensitivity to any process that can knock out even just a single electron from its shell. While this unique capability is crucial for several exciting physics analyses, these channels are limited by instrumental backgrounds. This problem can be seen in Fig. 1 (left) : the observed rates from XENON10, XENON100 and XENON1T at about 4 e-are similar, but at a rate about 2 to 3 orders of magnitude higher than that from 100 MeV dark matter scattering on electrons via a light mediator with a cross section about 10 −36 cm 2 on the "freeze-in" line in Fig. 2 (right) . The high single-and-a-few electron background rates in these low background liquid xenon detectors provide a challenge but also opportunity to build a dedicated 100-kg scale two-phase xenon detector to significantly suppress these background for a sensitive light dark matter detection. One significant source of background comes from photoionization in the bulk liquid xenon or metal surfaces contacting the target. A xenon scintillation photon has 7 eV of energy and can readily photo-ionize exposed metal surfaces or negatively charged impurities in the LXe due to electron attachment, as observed in the XENON100 experiment [14] . Another different electron background is observed in both LUX and XENON1T. The intrinsic time scale of that background is two orders of magnitude longer than that of photoionization, possibly due to electrons trapped at the liquid/gas interface from incomplete extraction [15] or long-lived states from residual impurities in the LXe [16] . Significant improvement of liquid xenon purity and enhancement of extraction field can reduce these two sources of background. While these improvements are very challenging in multi-ton scale detectors, they can be achieved in a 100-kg scale liquid xenon with improved design.
LBECA Design
LBECA will be a dual-phase LXe detector optimized for the detection of single-to few-ionization electrons. The detector design is based on the demonstrated LXe TPC technology that has achieved the lowest radioactive background of all direct-search dark matter experiments and is additionally optimized for low ionization-like background rates at energies below the threshold of conventional LXe TPCs.
A conceptual design of the LBECA detector is shown in Figure 1 (right) . The active LXe target with total ∼60-kg mass is enclosed inside a 30-cm (height) x 30-cm (diameter) fused silica vessel separating the ultra-clean LXe target from external components instrumenting the detector. Purified LXe is fed directly into the bottom of the active target. The LXe overflows out at the top, which defines the liquid-gas xenon interface. Another pipe takes the xenon out to the xenon gas circulation-and purification-system. The clean LXe flowing into the active target will have minimal contamination from the outgassing of other detector components. The passive LXe is only used for shielding and its purity is not important. Such a xenon-circulation loop design ensures the purification efficiency of the liquid xenon in the active target, as demonstrated in our prototype [17] , as well as in [18] . Special considerations, such as a very strong extraction field [19] and infrared light enhanced electron emission, are implemented in the design to ensure complete electron extraction at the liquid-gas interface. The anode and cathode are made from highly transparent conductive mesh, coated on the fused silica windows. High work function material and surface treatment will be done on these electrodes to suppress electron emission. An array of silicon photomultiplier tubes (SiPM) will be installed on the top, viewing the S2 light produced in the gas gap. The high granularity of the SiPM array allows better XY position resolution, compared to that using larger area PMTs.
LBECA Science Goals and Sensitivity
LBECA will be sensitive to electronic recoils from dark matter-electron scattering down to dark matter masses of about 5 MeV, which we illustrate in Fig. 2 . This sensitivity allows LBECA to probe five specific theory targets with correct predictions of relic-abundance: thermal scalar, asymmetric fermion, SIMP, ELDER and freeze-in, which are in a parameter space known as "The Key Milestone". Moreover, LBECA will be sensitive to bosonic dark matter that is absorbed by electrons for dark matter masses as low as about 9 eV (the atomic ionization energy of xenon) [33, 34, 35] . In addition to probing sub-GeV dark matter interactions with electrons, LBECA's unprecedented low-background and ability to detect electrons will also probe sub-GeV dark matter interactions with nuclei through the "Migdal" effect [36, 37, 38] and be able to make a measurement of solar 8 B neutrinos through coherent elastic neutrino-nucleus scattering [20] .
This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of High Energy Physics under Award Number DE-SC0018952. Figure 2 . Red solid (dashed) line shows the sensitivity projection for the LBECA experiment assuming a 100 kg-year exposure and a single-electron (two-electron) threshold without spurious few-electron backgrounds, but including the background from solar neutrinos scattering coherently off nuclei [20] . Left: Light-gray regions are constrained from direct-detection experiments [4, 6, 5, 7, 8, 21, 9, 10, 12] . For the example of a hidden-sector dark matter particle, χ coupled to a dark photon, A , with m A = 3m χ , we show a darker gray region that combines constraints from accelerator-based searches (LSND, E137, BaBar) and traditional nuclear recoil searches [22, 23, 24, 25, 6] . We also show several benchmark theory targets for which the dark matter can obtain the observed relic abundance [26, 27, 28, 29, 25] . Right: Here, the scattering is mediated by an ultralight particle. Gray regions show constraints from WIMP searches and supernova 1987A in the case of a dark photon mediator [3, 30, 25] and the freeze-in benchmark target from [3, 31, 25, 32] .
